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Wind tunnelAbstract Computational ﬂuid dynamics (CFD) is one of the computer-based solution methods
which is more widely employed in aerospace engineering. The computational power and time
required to carry out the analysis increase as the ﬁdelity of the analysis increases. Aerodynamic
shape optimization has become a vital part of aircraft design in the recent years. Generally if we
want to optimize an airfoil we have to describe the airfoil and for that, we need to have at least hun-
dred points of x and y co-ordinates. It is really difﬁcult to optimize airfoils with this large number of
co-ordinates. Nowadays many different schemes of parameter sets are used to describe general air-
foil such as B-spline, and PARSEC. The main goal of these parameterization schemes is to reduce
the number of needed parameters as few as possible while controlling the important aerodynamic
features effectively. Here the work has been done on the PARSEC geometry representation method.
The objective of this work is to introduce the knowledge of describing general airfoil using twelve
parameters by representing its shape as a polynomial function. And also we have introduced the
concept of Genetic Algorithm to optimize the aerodynamic characteristics of a general airfoil for
speciﬁc conditions. A MATLAB program has been developed to implement PARSEC, Panel Tech-
nique, and Genetic Algorithm. This program has been tested for a standard NACA 2411 airfoil and
optimized to improve its coefﬁcient of lift. Pressure distribution and co-efﬁcient of lift for airfoil
geometries have been calculated using the Panel method. The optimized airfoil has improved co-
efﬁcient of lift compared to the original one. The optimized airfoil is validated using wind tunnel
data.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University.1. Introduction
The computational resources and time required to solve a gi-
ven problem have always been a problem for engineers for a
long time though a sufﬁcient amount of growth is achieved
in the computational power. This becomes more complicated
to deal with when the given problem is an optimization
problem which requires a huge amount of computational
Figure 1 Design variables for PARSEC.
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important problems to be addressed in the context of design
optimization for quite some years. When the number of re-
sult(s) inﬂuencing variables is large in a given optimization
problem, it directly inﬂuences the required computational time
to solve the problem. This will severely inﬂuence the required
computational resources to solve the given design optimization
problem. Due to this reason, a need arises to describe a general
geometry with minimum number of design variables, as the
number of design variables directly inﬂuences the number of
variables to be optimized during the aerodynamic shape opti-
mization problems. This leads to a search activity of ﬁnding
some of the best parameterization methods. The literatures
of Wu and Samareh conﬁrmed that the choice of parameteri-
zation has a strong inﬂuence on the whole optimization pro-
cess (Wu et al., 2003; Samareh, 2001). Previous research
works in design optimization especially done by Balu and Sel-
vakumar (2009) suggest that the polynomial approach based
parameterization schemes highly inﬂuence the ﬁnal optimum
design which is obtained as a result of the optimization. PAR-
SEC parameterization scheme which was developed by Sob-
ieczky (Sobieczky, 1998) is designed speciﬁcally for airfoils
and by this scheme a wide range of airfoil shapes can be ex-
pressed without any baseline shape, so that it could perform
better on the task of airfoil optimization. Genetic Algorithm
is a robust and accurate method for global aerodynamic shape
optimization and this can be often suggested in the literature
(Marco, 2000; Wang et al., 2002; Quagliarella and Cioppa,
1995). Hess and Katz suggested that the panel methods (Hess,
1990; Katz and Plotkin, 1991) are more widely used for solving
incompressible potential ﬂows and the important property of
the panel methods is that they are more effective in giving
more reasonably accurate results without being computation-
ally expensive. It is widely employed in the early stages of
the aircraft design to get a reasonable prediction of the aerody-
namic forces with less computational resources rather than
spending huge computational resources at the early stage itself.
Based on the literature review we have employed the Paramet-
ric Section (PARSEC) parameterization scheme, panel method
and genetic algorithm in this work. We have chosen the
NACA 2411 Airfoil for this problem due to its simple geome-
try description and also it is considered to be a good demon-
strator for low subsonic ﬂows. A Matlab code was written
according to the equations provided in the Sections 2 and 3
for coupling PARSEC parameterization scheme with panel
method and genetic algorithm to achieve the goal of getting
the optimum airfoil shape starting from the NACA 2411 air-
foil. The freely available GA code has been integrated with
the Parsec and Panel codes with several modiﬁcations and con-
straints. The results and issues faced during the whole design
process are discussed in the following sections.
2. PARSEC
PARSEC is a parameterization (Sobieczky, 1998; Mukesh and
Selvakumar, 2010) scheme which uses the unknown linear
combination of base functions to express the shape of the air-
foil. It uses twelve different geometrical characteristics of the
airfoil to solve a system of linear equations by which it can ex-
press the airfoil geometry. The twelve geometrical characteris-
tics of the airfoil serve as the design variables for the PARSECapproach. Twelve design variables are selected to have direct
control over the shape of the airfoil. The twelve control vari-
ables are, Upper leading edge radius (Rleu), Lower leading
edge radius (Rlel), Upper crest point (Yup), Lower crest point
(Ylo), Position of upper crest (Xup), Position of lower crest
(Xlo) Upper crest curvature (YXXup), Lower crest curvature
(YXXlo), Trailing edge offset (Toff), Trailing edge thickness
(TTE), Trailing edge direction angle (aTE), and Trailing edge
wedge angle (bTE), as shown in Fig. 1: Once the design vari-
ables are speciﬁed, the unknown coefﬁcients ai and bi for
i = 1 . . .6 can be obtained. Then the upper and lower surfaces
of the airfoil can be expressed by the six-order polynomial Eqs.
(1) and (2), respectively.
yu ¼
X6
i¼1
aix
ið1=2Þ ð1Þ
y1 ¼
X6
i¼1
bix
ið1=2Þ ð2Þ
where yu is the required y coordinate for the upper surface,
yl is the required y coordinate for the lower surface and ai and
bi are the coefﬁcients representing the twelve control variables
that need to be determined. Along with the speciﬁed design
variables, the following geometrical conditions are applied to
solve the Eqs. (1) and (2) in order to get the unknown
coefﬁcients.
1. At x(u,l) = maximum, y(u,l) = maximum,
2. At x(u,l) = maximum,
dyðu;lÞ
dx ¼ 0:
3. At x(u,l) = maximum,
d2yðu;lÞ
dx2
¼ maximum;
4. At xu = 1, yu ¼ T off þ TTE2
5. At xl = 1, y1 ¼ T off  TTE2
6. At xu = 1,
dyu
dx ¼ tan aTE  bTE2
 
7. At xl = 1,
dyl
dx ¼ tan aTE þ bTE2
 
3. Panel technique
The Panel method is used to solve the potential equations
without being computationally expensive. It provides reason-
ably accurate results. These two properties make the panel
method suitable for design optimization problems where the
number of simulations is incredibly large. Since the current
Figure 2 Nodes and panels.
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this approach is employed in this work. The solution proce-
dure for panel technique consists of discretizing the surface
of the airfoil into straight line segments or panels and assum-
ing the following conditions: (a) the source strength is constant
over each panel but has a different value for each panel (b) the
vortex strength is constant and equal over each panel (Hess,
1990; Katz and Plotkin, 1991; Mukesh and Selvakumar,
2010). The compressibility and the viscosity of air in the ﬂow
ﬁeld are neglected. But it is required to satisfy the condition
that the net vorticity of the ﬂow should be such that the ﬂow
leaving the trailing edge is smooth. The curl of the velocity
ﬁeld is assumed to be zero. Hence,
/ ¼ /1 þ /d þ /t ð3Þ
where, ø which is expressed as a summation of the free stream
potential, source potential and vortex potential, is the total po-
tential function. Except the free stream potential, the other
potentials have potentially locally varying strengths. Fig. 2: de-
picts the notations of the panel approach.
The numbering system starts at the lower surface trailing
edge and proceeds forward, around the leading surface and
aft to the upper surface trailing edge. N+ 1 points deﬁne N
panels. In the current problem, 198 panels are incorporated
to get the pressure distribution around the airfoil. The ﬂow
tangency boundary condition is imposed on the points located
at the midpoint of each of the panels. Once we found the tan-
gential velocity (Vti) at the midpoint of each panel, then we can
compute the pressure coefﬁcient at the midpoint of each panel
according to the following formula,
Cpðxi; yiÞ ¼ 1 ½V2ti=V21 ð4ÞOffspring or New 
Population 
Evaluation of 
Fitness 
Mutation 
Cross Over 
Requirement 
Achieved 
Terminate 
No Yes 
Figure 3 Genetic algorithm approach.4. Genetic algorithm
Genetic algorithms (GA), in contrast to gradient optimization
approaches, offer an alternative approach with several attrac-
tive features. The basic idea associated with the GA is to
search for optimal solutions using an analogy to the theory
of evolution (Marco, 2000; Wang et al., 2002; Quagliarella
and Cioppa, 1995). During solution advance (or ‘‘evolution’’
using GA terminology) each chromosome (Krishnakumar
et al., 1995; Andersson; John Holland, 1975; David Goldberg,
1989) is ranked according to its ﬁtness vector––one ﬁtness va-
lue for each objective. The higher-ranking chromosomes are
selected to continue to the next generation while the probabil-
ity of the selection of lower-ranking chromosomes is less. In
every generation, a new set of artiﬁcial creatures (strings) is
created using bits and pieces of the ﬁttest of the old; an occa-
sional new part is tried for good measure. While randomized,genetic algorithms are no simple random walk. They efﬁciently
exploit historical information to speculate on new search
points with expected improved performance. The newly se-
lected chromosomes in the next generation are manipulated
using various operators (combination, crossover, or mutation)
to create the ﬁnal set of chromosomes for the new generation.
These chromosomes are then evaluated for ﬁtness and the pro-
cess continues––iterating from generation to generation––until
a suitable level of convergence is obtained or until a speciﬁed
number of generations has been completed. GA optimization
requires no gradients; it does not need the sensitivity of deriv-
atives. It theoretically works well in non-smooth design spaces
containing several or perhaps many local extrema. It is also an
attractive method for multi-objective design optimization
applications offering the ability to compute the so called ‘‘par-
eto optimal sets’’ instead of the limited single design point tra-
ditionally provided by other methods. The basic genetic
algorithm important steps are explained in the following sec-
tions and the work ﬂow of the GA is depicted in Fig. 3:
4.1. Search space
The search space for the current problem is deﬁned by the
range of values of 10 PARSEC parameters and their required
decimal accuracy. For each optimization parameter, the re-
quired accuracy of the decimal place (d) can be speciﬁed.
Once d is speciﬁed, then the domain length for a particular
optimization parameter can be expressed as follows (Balu,
1999).
Domain length = 10d (Xu  Xl)
Table 1 Design parameters and their range values.
Design parameters Range values for NACA
2411 airfoil
Lower bound
values
Upper bound
values
(Rleu) Upper leading edge radius 0.020 0.023
(Rlel) Lower leading edge radius 0.006 0.010
(Xup) Position of upper crest 0.32 0.37
(Yup) Upper crest point 0.077 0.08
(YXXup) Upper crest curvature 0.63 0.65
(Xlo) Position of lower crest 0.15 0.19
(Ylo) Lower crest point 0.02 0.05
(YXXlo) Lower crest curvature 0.60 0.75
(aTE) Trailing edge direction angle 4.55 4.90
(bTE) Trailing edge wedge angle 15 15.10
Table 2 Optimization objectives and constraints.
Angle of attack 5.0
Geometric constraint Max thickness must be less than 10%
chord length
Min thickness must be higher than
1% chord length
TTE and Toﬀ the airfoil are zero
Aerodynamic constraint Lift not less than original one
Objective Maximize coeﬃcient of lift
Termination Condition No Change in Cl for 1000 iterations
194 R. Mukesh et al.4.2. Initial population
Random number approach is employed to generate the initial
pool of optimization parameters. In this approach, a random
number is generated between 0 and 1. If the random number
is between 0 and 0.5, then the bit is considered as 0 whereas
if it lies between 0.5 and 1, then the bit is set to 1. The size
of the initial population can be controlled by a parameter
called popsize.
4.3. Selection of parents
Individuals are selected from the pool of initial population and
placed into the pool of mating. These individuals are further
used for mating and generating new off springs. Since the char-
acters of these individuals are passed to the next generation,
only the individuals which have desirable properties are se-
lected. This is accomplished by the tournament wheel selection
technique. In this approach, a tournament is deﬁned among
the individuals by specifying a selection pressure. The individ-
uals with higher ﬁtness are considered as the winner of the
tournament and will be placed in the mating pool (Miller
and Goldberg, 1995). The process of selection holds some
important properties: (a) Best individuals are preferred but
not always selected (b) Worst individuals are not always ex-
cluded in order to maintain the variability in each generation.
4.4. Cross over
Cross over is performed to combine the desirable characters of
two different parents which are selected for mating. The meth-
od of cross over depends on the kind of problem to be solved
and the method of encoding. In this work, uniform cross over
approach is employed. In this approach, a cross over probabil-
ity (pc) is deﬁned and a probability test is performed for each bit
in the bit string. If passed, then the bits are randomly exchanged
between the two parents selected for mating (Alam, 2006).
4.5. Mutation
Mutation is performed in order to reﬁne the process of mating.
Here a mutation probability (pm) is deﬁned and the probability
test is performed on each bit in the bit stream. If passed, the bit
is ﬂipped directly. Instead, a bit is generated randomly and
compared with the current one. If the randomly generated
bit is different from the original bit, then the original bit is
ﬂipped. (Alam, 2006)
4.6. Fitness evaluation
Fitness evaluation is the process of evaluating the objective
function for each set of optimization parameters. Based on
the ﬁtness of the new off springs, they are considered as new
parents and selected for further mating. This process is re-
peated until the convergence is achieved.
5. Optimization of NACA 2411 airfoil
The aerodynamic shape optimization (Xu and Jiang, 2008;
Kennedy and Eberhart, 1995; Eberhart and Kennedy, 1995;Khurana1 et al., 2009; Mukesh and Lingadurai; Mukesh
et al., 2012) process is carried out with an intention of increas-
ing the vertical aerodynamic force subject to various aerody-
namic and structural constraints. Since the panel method is
only applicable for low speed ﬂows, a ﬂow constraint is placed
to keep the assumptions valid throughout the whole optimiza-
tion process. Getting unrealistic shapes are avoided by imple-
menting various structural constraints. In this optimization
problem the PARSEC parameters are used to describe the
shape of the airfoil. For each parameter its lower bound values
and upper bound values are given to Genetic Algorithm which
is tabulated in Table 1. Each generation produced by the Ge-
netic Algorithm has the best set of PARSEC parameters. The
corresponding airfoil proﬁle is generated using PARSEC
parameterization. Then the airfoil is tested at 5 angle of attack
for a subsonic and incompressible ﬂow. The pressure distribu-
tion over the surface of the airfoil is found using the panel
method. From the pressure distribution, using the trapezoidal
rule the coefﬁcient of lift is calculated. This new coefﬁcient of
lift is compared to the original one. The design conditions, opti-
mization objectives and constraints are tabulated in Table 2.
6. Results
The initial PARSEC parameters have been given approxi-
mately by specifying its lower and upper bound values. There
is no need for specifying this accurately. The geometry of the
airfoil expressed by the best PARSEC parameters resulting
from the Genetic Algorithm exhibits a considerable increase
in the coefﬁcient of lift. The comparison between the original
Figure 4 Original NACA 2411 airfoil vs optimized airfoils.
Figure 5 Comparison of pressure distribution over the surface of
original NACA 2411 airfoil and optimized airfoil.
Table 3 Optimized PARSEC parameters.
Design parameters Original value Optimized value
(Rleu) Upper leading edge radius 0.0216 0.02271
(Rlel) Lower leading edge radius 0.008 0.008823
(Xup) Position of upper crest 0.3445 0.309306
(Yup) Upper crest point 0.07912 0.078452
(YXXup) Upper crest curvature 0.6448 0.641529
(Xlo) Position of lower crest 0.17 0.169961
(Ylo) Lower crest point 0.033797 0.032196
(YXXlo) Lower crest curvature 0.6748 0.663843
(TTE) Trailing edge thickness 0 0
(Toﬀ) Trailing edge oﬀset 0 0
(aTE) Trailing edge direction angle 4.785 4.733071
(bTE) Trailing edge wedge angle 15.082 15.021260
Table 4 Original vs optimized coefﬁcient of lift.
Angle of attack () Cloriginal Cloptimized
5.0 0.8420 0.9681
Table 5 Cl vs angle of attack comparison chart.
Angle of attack () Cloriginal Cloptimized using GA
1.0 0.3877 0.5119
2.0 0.5025 0.6254
3.0 0.6171 0.7386
4.0 0.7311 0.8512
5.0 0.8420 0.9681
6.0 0.9574 1.0744
7.0 1.0693 1.1847
8.0 1.1802 1.2939
9.0 1.2899 1.4020
10.0 1.3984 1.5087
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indicated in Fig. 4: The comparison of pressure distribution
over the surface of the original NACA 2411 airfoil and the
optimized airfoil for 5 AOA is shown in Fig. 5: Their corre-
sponding PARSEC parameters and coefﬁcient of lift are tabu-
lated in Tables 3 and 4, respectively. We have also generated a
Cl vs angle of attack chart (from 1 to 10) for the optimized
airfoil and it has been compared with the original NACA
2411 airfoil. The comparison chart is given in Table 5.
7. Validation of optimized airfoil using wind tunnel data
The optimized airfoil coordinates are given to the Ind – Lab
Equipments which has expertise in designing airfoils and wind
tunnels. They manufactured the optimized airfoil and the airfoiltest has been conducted in their premises. The newly manufac-
tured airfoil is given in Fig. 6: The wind tunnel details, operating
procedure and validation test conducted in the wind tunnel are
given in the following sections (Haritonidis, 2008;Miller, 2008).
7.1. Wind tunnel details
The experimental validation test for the optimized airfoil is
conducted using the IND LAB open circuit wind tunnel which
is designed for engineering laboratories and other industrial
and government research facilities. This wind tunnel can be
used to study the pressure distribution and lift-drag character-
istics of airfoils, cylinder, etc. The wind tunnel is of suction type
with an axial ﬂow fan driven by a variable speed DC motor.
The speciﬁcations of the wind tunnel are provided in Table 6.
7.2. Operating procedure
 The airfoil to be analyzed is placed in the test section of the
wind tunnel.
 The test section of the wind tunnel is sealed carefully so that
no atmospheric air enters into the test section.
Figure 6 Optimized airfoil Manufactured in Ind Lab.
Table 6 Wind Tunnel Speciﬁcations.
Design Open circuit
Total length 6.0 m
Test section size 30 · 30 cm
Maximum wind speed 49 m/s
Main fan drive motor 10 HP DC motor
Turbulence intensity <0.25%
Contraction ratio 6.25–1
Balance type External
Figure 7 Comparison of pressure distribution over the surface of
optimized airfoils.
Table 7 Velocity vs coefﬁcient of lift.
Velocity in m/s Coeﬃcient of lift
24.9 1.0153
196 R. Mukesh et al. Connect the pressure taps of the airfoil to the manometer.
 Note down the initial manometer reading. These denote the
initial pressure acting on each point of the airfoil when the
air velocity is nearly zero.
 Switch on the fan to activate the airﬂow in the wind tunnel
and set the thermistor for a particular load.
 Wait for a few minutes for the ﬂow and its velocity to sta-
bilize, so that readings can be taken under proper circum-
stances in which there are no ﬂow disturbances or
irregularities.
 Note down the readings from each manometer tube.
 Note down the readings from the Pitot tube. This gives an
insight into the dynamic and the static pressure inside the
test section.
 Increase the load in the thyristor so as to increase the veloc-
ity of air in the wind tunnel.
 Repeat the above steps for various velocities and note down
the manometer readings.
7.3. Validation test
The optimized airfoil is placed at 5 AOA in the test section of
the wind tunnel. The readings are taken under proper circum-
stances in which there are no ﬂow disturbances or irregulari-
ties. The readings are taken from each manometer tube and
the Pitot tube for various velocities. The pressure difference
in each point on the airfoil can be obtained by subtracting each
probe reading from its corresponding initial value for differentvelocities and this gives the corrected manometer reading. The
head difference is found out from the Pitot tube readings. The
value of coefﬁcient of pressure is calculated by dividing each
probe value by its corresponding head difference. The probe
difference value (h) is one and by numerically integrating the
coefﬁcient of pressure using the Simpson’s one third rule it is
possible to obtain the coefﬁcient of lift for that particular
velocity. The velocity, coefﬁcient of Pressure and the coefﬁ-
cient of lift can be found out by using the Eqs. (5)–(7), respec-
tively. The pressure distribution over the theoretical and
experimental airfoil for 5 AOA is shown in Fig. 7: The coef-
ﬁcient of lift for subsonic velocity is tabulated in Table 7.
V ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 qwater  g Dh
qair
s
ð5Þ
Cp ¼ H=Dh ð6Þ
CL ¼ hfðy1þ y10Þ þ 2ðy2þ . . . . . . þ y9Þg=3 ð7Þ7.4. Uncertainties
The construction of the wind tunnel is segmented, and several
sections of the structure are connected to each other causing
leakage of airﬂow, which leads to small qualitative error.
One source of quantitative error arises due to the inability of
placing more number of pressure taps over the surface of the
airfoil; this would reduce the accuracy in prediction of Cl for
the optimized airfoil. (Tomasini et al., 2011)
8. Conclusion
An aerodynamic shape optimization process is formulated and
solved starting from NACA 2411 airfoil. The aerodynamic
behavior of the optimized airfoil is validated by an experimental
Table 8 Computational vs experimental results.
Angle of attack () ClComputational ClExperimental
5.0 0.9681 1.0153
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the airfoil is described using the PARSEC parameterization
scheme. The ﬂow around the airfoil is solved using the Panel
method. The optimization is carried out using the Genetic algo-
rithm evolutionary optimizer. The optimized airfoil is further
manufactured and the ﬂow around the optimized airfoil is ob-
served experimentally in a subsonic wind tunnel. The pressure
distribution and lift-coefﬁcient are calculated for 5.0 angle of
attack and compared with the values obtained from the optimi-
zation process carried out by the GA. The computational and
Experimental Coefﬁcient of lift is provided in Table 8. From
the calculated aerodynamic parameters, it is observed that the
results produced by the GA for the optimized airfoil during
the optimization are close enough to the results obtained from
the wind tunnel calculations.
The percentage of error between the computational and
experimental results is in the order of 4%. It can be observed
that the experimental results are quite closer to the computa-
tional results for the subsonic velocity. It can be concluded
that the aerodynamic shape optimization process which is fol-
lowed in this paper is accurate enough to be employed during
the initial phase of the aircraft design process. It can also be
concluded that it can be used in further phases of the aircraft
design if the panel solution algorithm is replaced by a high-
ﬁdelity solution algorithm.
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